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Abstract 
Visualizing the anatomical vessel networks plays a vital role in physiological or 
pathological investigations. However, identifying the fine structures of the smallest 
capillary vessels via conventional imaging ways remains a big challenge. Here, the room 
temperature liquid metal angiography was proposed for the first time to produce mega 
contrast X-ray images for multi-scale vasculature mapping. Gallium was used as the room 
temperature liquid metal contrast agent and perfused into the vessels of in vitro pig hearts 
and kidneys. We scanned the samples under X-ray and compared the angiograms with 
those obtained via conventional contrast agent--the iohexol. As quantitatively proved by 
the gray scale histograms, the contrast of the vessels to the surrounding tissues in the 
liquid metal angiograms is orders higher than that of the iohexol enhanced images. And 
the resolution of the angiograms has reached 100μm, which means the capillaries can be 
clearly distinguished in the liquid metal enhanced images. With tomography from the 
micro-CT, we also managed to reconstruct the 3-dementional structures of the kidney 
vessels. Tremendous clarity and efficiency of the method over existing approaches were 
experimentally demonstrated. It was disclosed that the usually invisible capillary networks 
now become distinctively clear in the gallium angiograms. This mechanism can be 
generalized and extended to a wide spectrum of 3-dimensional computational 
tomographic areas. It provides a soft tool for quickly reconstructing high resolution spatial 
channel networks for scientific researches or engineering applications where complicated 
and time consuming surgical procedures are no longer necessary. 
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Introduction 
Since William Harvey revealed the secret of blood circulation in the 17
th
 century 
for the first time, physicians and scientists have discovered numerous facts and effects 
inside this cyclic system. Tremendous surgical efforts were ever made either in vivo 
or in vitro biological body, just wishing to see more about the distributions, functions 
and behaviors of various vascular networks. Generally, the circulation involves heart, 
lung, arteries, veins and capillaries, from which the blood can bring oxygen, nutrients 
to every organs and tissues and take away carbon-dioxide and all metabolic wastes. 
Meanwhile, for many clinical scenarios such as tumors and phlebeurysma, the 
abnormal growth of blood vessels may indicate progress of the disease [1, 2]. Further, 
tracing drugs and special molecules is also heavily dependent on understanding the 
vessels’ anatomical structure. In fact, many clinical treatments, pathological 
evaluation as well as organ physiological interpretations are mostly carried out 
through the blood vessels into the road. Even for a typical biological or medical 
training, observing vasculature networks through surgical resections and microscope 
on selected animals is often a basic way for understanding the life sciences and 
technology. Overall, it is extremely critical to clarify the fine distribution and 
variation of the blood vessels in the physiological and pathological researches. 
Angiography is a vascular reconstruction way that helps physicians diagnose and 
evaluate the physiological conditions related to blood vessels. It can be performed 
with many medical imaging methods, such as ultrasound (US), magnetic resonance 
imaging (MRI), computed tomography (CT) and X-rays [3-5]. US and MRI are 
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mainly used for mapping large vessels. To improve the vascular image, many contrast 
agents that possess a different property to the surrounding tissues were often adopted. 
For CT and X-ray angiography, the efficacy of the contrast agent relies heavily on its 
density. Though both X-ray and CT can obtain rather high resolution 2D and 3D 
images, it remains a big challenge to clearly display the vessels, especially for those 
complex networks made up of tiny capillaries. So far, most of the existing contrast 
agents are made of solutions whose density is close to that of water. For such 
situations, the resembling property between the agent and the capillaries in tiny scale 
significantly reduces the possibility to distinguish them in the medical image. 
Recently, tremendous efforts have been made to find new contrast agents which 
could significantly improve the vascular imaging quality. Among all the imaging 
methods ever tried, it is X-ray that was applied to angiography for the first time in 
1896, just in the following year of Röntgen’s discovery of the beam, in the study of a 
corpse’s hand [6]. As an inexpensive and widely available imaging way, the basic idea 
for X-ray angiography is to modify the density in the vessels to distinguish them from 
the surrounding tissues. The most typical contrast media as already investigated 
generally include iodine and iodinated agents [7], nanoparticles [8-11], carbon dioxide 
[12] and so on. Such vascular-enhanced radiological angiography in fact becomes the 
foundation for CT and 3D vasculature reconstruction [13-15]. It is also a standard 
reference for evaluating other contrast-enhanced imaging methods [16-18]. Generally, 
high energy X-ray is a necessity for obtaining good contrast image. However, when 
raising the energy of the X-ray, the contrast efficacy of iodine or CO2 would decrease. 
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As an alternative, the newly emerging nanoparticles were intensively investigated 
aiming to further improve the quality of the existing contrast agents. However, the 
improvement is still rather limited.  
Here, instead of searching for and trying more complex chemicals, we proposed 
for the first time the liquid metal angiography to realize ever powerful vascular 
radiological imaging which offers mega contrast X-ray images as compared with 
conventional ways. Through infusing the room temperature liquid metal such as 
gallium into the coronary artery of the pig heart in vitro, we managed to significantly 
lighten the target vessels in several orders larger than before under the ordinary 
radiological imaging instrument. In this way, the capillaries used to be hardly 
detectable are now easily seen on the image with outstanding clarity. This method 
opens the mega contrast nonsurgical approach for characterizing the fine distribution 
and variation of the biological vasculature system. It also suggests possibility for a 
localized in vivo vascular-enhanced radiological imaging in the near future. The 
principle has generalized purpose and can be extended to a variety of 3-dimensional 
computational tomographic areas including many engineering applications other than 
the biomedical category alone. This work sets up a highly efficient soft tool for 
quickly reconstructing high resolution spatial channel network for scientific 
researches or engineering applications where complicated and time consuming 
resections are no longer needed. 
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Materials and Methods 
The present study has been approved by the Ethics Committee of Tsinghua 
University, Beijing, China under contract [SYXK (Jing) 2009-0022]. 
As the first trial in this area, the gallium metal with a purity of 99.999% was 
adopted as the contrast agent. There are several reasons for such choice. First, the 
melting point of gallium is 29.78°C, which is close to the room temperature and 
below the body temperature (37°C). Thus it is easy to transform the metal between its 
liquid and solid phase. What’s more, the gallium endows a significant property of 
overcooling, which means the phase change does not happen immediately when the 
temperature drops below the melting point. It is thus rather beneficial for 
manipulating the metal flexibly. Second, the gallium is chemically very stable and 
does not react with water at around body temperature. Third, a series of former 
researches have proven that gallium is safe for human in many normal occasions. 
Most importantly, the density of gallium is much higher than that of the blood. 
Therefore, it has superior visibility under X-ray irradiation and will not infiltrate 
through or be washed away after injected into the target vessels. 
Physiologically, heart is the engine of the circulatory system. Oxygen and 
nutrients to the heart is conveyed by the coronary artery, which runs throughout the 
myocardium with its complex capillary network supporting behind. Many diseases 
happen with the pathological changes in the heart vessels, and it is vital to sketch out 
the vessels’ fine distribution. The kidney is another important organ with large amount 
of vessels, which plays the role of blood filter. Therefore, for such consideration, we 
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choose the commercially available pig hearts and kidneys which were all within 2 
days’ fresh state after sacrifice as the test objects to investigate the basic imaging 
principle of the liquid metal based radiological angiography.  
Repetitive imaging experiments were performed on each group of the above 
different organs using CT scanner (GE XR/A, Phillips Brilliance 6). And all the 
results disclosed the distinctively high contrast quality of the presented imaging 
method. 
 
Experimental Results 
As is anticipated, the angiograms depicted in Fig. 1A and Fig. B display 
tremendous differences for the hearts perfused with liquid metal gallium and iohexol 
(35g(I)/100ml), respectively. Interestingly enough, the gallium produces superior 
contrast effect intuitively and enables one to see through a highly clear coronary 
network, while only several relatively large vessels could be observed in the heart 
perfused with iohexol as commonly used so far. To quantify such improvement, we 
calculated the gray scale curves at five different heights in both angiograms and 
compared them with each other. The curves of a1-a5 representing the gallium 
angiography case all show significantly steep peeks than those in b1-b5 of the iohexol 
enhanced image cases (Fig. 1C). 
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Figure 1. Comparison of contrast effects between angiograms with liquid 
metal and conventional agent under X-ray irradiation. (A) X-ray angiogram 
of heart filled with liquid metal gallium. (B) X-ray angiogram of heart filled with 
iohexol. Histogram of either image is placed at the bottom of the image A and 
B. (C) Plots of the gray scale along the horizontal lines at 5 different heights 
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labeled in A and B (For aesthetic, we did not draw the whole lines on images of 
A and B). The working parameters for the X-ray in both A and B are 55kV and 
25mAs. 
 
Figure 2 reveals the effects of X-ray irradiation intensity on the image quality. 
With the same exposure parameter (10mAs), the contrast between the vessels (gallium) 
and the other soft tissues increases along with the addition of the X-ray intensity (Fig. 
2A, 80kV; Fig. 2B, 100kV; and Fig. 2C, 120kV). However, the increasing 
penetrability also makes some capillaries invisible, which can be seen in the 
sub-images in a1~a3 and b1~b3. The plots of the sub-images’ gray scale histograms in 
Fig. 2D and Fig. 2E have given proofs in quantity. In both plots, there exist two peaks 
for the sub-images, which can be generally seen as one representing the enhanced 
vessels and the other representing the background tissues. The distance between the 
two peaks becomes longer when the X-ray gets stronger, indicating a higher contrast; 
while the height of the vessel peak decreases at the same time, which means the 
vessels become darker. Yet the illumination tends to saturate when the intensity is low, 
which will cause the loss of density information. Thus a higher intensity is more 
likely applicable for the angiographic X-ray computational tomography (CT) with 
gallium. Fig. 2F is the 3D reconstruction of the coronary arteries from the CT scan, 
whose parameters are set as 120kV and 100mAs. 
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Figure 2. Effect of X-ray irradiation intensity on image contrast of heart 
filled with liquid metal gallium. (A) Image of the heart at 80kV. (B) Image of 
the heart at 100kV. (C) Image of the heart at 120kV. The exposure parameter 
in all 3 images is set as 10mAs identically. The square labeled with a1, a2, b1, 
b2, c1, c2 is zoomed in and presented below the image A, B, C, respectively. 
(D) Comparison of the histogram for three sub-images labeled with a1, b1, c1 
in A, B and C. (E) Comparison of the histogram for three sub-images labeled 
with a2,b2,c2 in A,B and C. (F) Gallium enhanced coronary 3D vasculature of 
the heart, with the right coronary artery (RCA) in red, the left anterior 
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descending (LAD) in magenta and the circumflex (CX) in yellow. The 
parameters of the CT scan are 120kV and 55mAs.  
 
 
 
Figure 3. Mega contrast vasculature of a pig kidney perfused with liquid 
metal gallium under X-ray irradiation. (A) Angiogram of a whole pig kidney 
with its arterial network filled with gallium. The network of arterial vessels 
shows high contrast to the ambient tissues. The X-ray parameters for this 
angiogram are 45kV and 3.2mAs. (B) The 2D-view images scanned with 
micro-CT. The diameter of the thinnest vessels is down to 0.07mm. (C) Gallium 
enhanced kidney 3D vasculature. 
 
In order to offer more evidences that the liquid metal angiography is highly 
suitable for mapping various organ vasculatures, we also managed to infuse the 
gallium into the renal artery of the pig kidney. The results are shown in Fig. 3A. The 
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whole renal artery network is intact and the texture of the small vessels is rather clear. 
Therefore, segmentation of the renal artery becomes rather easy now by the new 
method. To obtain a clear image for these finer vascular, we further scanned this 
kidney with micro-CT (XM-Tracer-130, Institute of High Energy Physics, Chinese 
Academy of Sciences), and one can even see the thinnest tube in the images that has 
reached 100μm (Fig. 3B). In fact, given the resolution of the imaging apparatus is 
high enough, the liquid metal angiography allows to reconstruct further smaller size 
vessel (Fig. 3C) since such metal fluid could be injected to even nano tube. 
 
Discussion 
Clearly, the introduction of the liquid metal angiography opened a brand new 
way for revolutionizing the current radiological imaging. The liquid phase of the 
metal warrants its easy flow into the capillaries, while the extremely high density of 
such special agent offers a mega contrast which is hard to achieve via existing 
approaches. Thus it is entirely feasible to map further smaller vessels using the 
present method on condition that the resolution of the imaging device allows for more 
precise scanning like the X-ray micro-CT [13, 19]. With such a mega contrast, it is 
rather easy and convenient to rebuild the fine vascular structure. The capacity of this 
imaging strategy is huge which can in fact find strong evidence from former nano 
fluidic researches. For example, a nanothermometer was once demonstrated with 
gallium filled in the carbon nanotube with a diameter of 75nm, yet the way to “read 
the scale” was recommended as the scanning electron microscope (SEM) [20]. 
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Clearly, with the liquid metal angiograph for targeted nano-size vessel network, 
reading with a high-resolution X-ray will be feasible, too. 
The extremely large X-ray attenuation coefficient of gallium is owing to its high 
density. Let μ2 and μ1 denote the X-ray attenuation coefficient of the contrast agent 
filled in the vessels and that of the surrounding tissues respectively, and l denotes the 
diameter of a vessel. The contrast of this vessel in the whole image C can then be 
expressed as 
C=1-exp[-(μ2-μ1)l]                            (1) 
It tells that, under the same contrast condition, the larger the difference between μ2 
and μ1, the clearer the vessel can be seen. Therefore, the high X-ray attenuation 
coefficient of the gallium makes it a mega contrast X-ray agent, which indicates that 
vessels can be more distinct in the image. However, the high attenuation property 
means that stronger X-ray irradiation intensity is needed. Otherwise, the X-ray cannot 
penetrate the whole objective. Generally, the attenuation is mainly caused by 
Compton scattering when the X-ray energy is high, then the attenuation factors of the 
contrast agent and the surrounding tissues will have small differences. Naturally, the 
corresponding image will produce poor contrast. However, for gallium angiography, 
this problem does not exist as reflected in Fig. 2. 
Compared to all the other existing agents, the gallium is just a simple substance 
with no need of further processing or reaction. Thanks to its liquid phase around room 
temperature, the gallium is easy to flow into the capillaries, and its high density 
significantly raises the contrast of the vessels under the X-ray, which is obvious in the 
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grey level histograms. On condition that the imaging apparatus allows, the tiniest 
channel that can be distinguished using gallium could even reach nano meter scale. 
With all the above merits, the metal flow performs far much better than those 
conventional contrast agents for visualizing the vessel networks, which suggests that 
the gallium could serve as an ideal contrast agent for in vitro vascular-enhanced 
radiological imaging. 
The liquid metal has been provided as a highly convenient and useful tool for 
reconstructing the distribution of the fine vessel networks in tissues and organs, 
especially in computational tomography and 3D modeling, which is quite important 
for studying visual animal vasculature including human subjects in the near future. 
Previously, to reconstruct such anatomical vascular networks, tremendous efforts, 
times and costs are requested, as indicated by the well-known Vitual Human Program 
performed before throughout the world. Besides, since the liquid metal will overflow 
through the orifices, the infusion may help find out some unnoticeable wounds on or 
beneath the surface, which can be applied in the forensic detection. What’s more, in 
vivo localized vascular-enhanced imaging is also promising. Since the gallium does 
not react with water and its high density makes it difficult to be washed away, a small 
amount of the metal can be infused to the target fine vessels in the living tissues and 
sucked out without residual. 
Overall, the liquid metal angiography has demonstrated significant values in the 
field of vascular network visualization. The filling and freezing of the liquid metal 
would keep the shapes of the targets. Clearly, the basic idea of the present method is 
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rather generalized. For example, the objects to be characterized can be extended to 
more other cavities spanning from animals’ digestive tracts to plants’ tube structures, 
even including insects’ holes. Verification of such liquid metal based channel 
mapping may indicate more unexpected discoveries. Further, the unique properties of 
the liquid metal, such as a high conductivity of heat and electricity, also suggest that 
physical principles in these aspects can be considered following the perfusion to 
achieve different biomedical performances. 
 
Conclusion 
In summary, the liquid metal angiograph as established in this study offers mega 
contrast quality for reconstructing the significantly enhanced radiological vascular 
imaging. With melting point around room temperature and pretty higher density over 
conventional image contrast agent, the liquid metal can be easily injected into the 
vascular system which would finally fill the finest capillaries and lighten them with 
superior clarity under the X-ray scan. This method is also highly applicable for 
computational tomography and 3-dimentional vasculature reconstruction, which will 
no longer need complex, expensive and time consuming surgical resections. It opens a 
highly powerful angiograph tool for physiological and pathological researches, which 
can also possibly be used for certain localized in vivo situations in the near future. In 
addition, owing to its generalized applicability, the present image reconstruction 
principle can even be extended to more other scientific or engineering areas where 
quickly reconstructing high resolution spatial channel networks is requested. As a 
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fundamental discovery as well as an important step as made in the material enhanced 
angiography area, this study may also help refresh people’s basic understandings on 
visualizing biological anatomy either in an organ or whole body and is expected to 
generate impact for future researches and practices. Lastly, from the device aspect, the 
present unconventional image enhancing method paved the way to exploit full 
potentials of X-ray that would significantly enhance its maximum performance for 
many scientific studies related to channel network reconstruction in the near future. 
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